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 zo§YC`}rb@nqbYv5p
nrtza¡bcprtM9tM¢£tMzmºsTtzv5pr}~tz¢Cyz¢£Mtz}~w¹p~^`a²nRyznrbY¸tMvIp~^`b¨MbTtza¡bTpr}~wsc`}~tz?bT}rprwbYntz®³p~^`b²v`bTp¤¥tM}r¦W«&]^`b
R}rtzprtostM¢!wv @ ;pr}~wbYnprt	¢£wa¡w¹ppr^`b²obYz}~bTbtz®Cpr^Rbev`toob@nFm#®¯tM}ra¡wv`Vh3wv`wau`a koRyv`vRw£v`#]}rbYb
Ñhºko]	¥RyMnqb@²tzvV¢£tosTyz¢?sTtzv`vRbYs½p~w£°Fw£pmz«;| È f/Í ¼uRnrbYnysTtMnqp¥®¯uRvRs½p~w£tMv&RyMnqb@¨tzv¨pr}{yvRnra¡w¹p9t¤³bT}
¢bT°MbT¢>§oyvRVw¹®;wvMp~bT}~a¡bYowxyp~bµv`toob@ngsTyzv&®¯tM}r¤y}{²¤gw£pr^	¢£b@nrn³p~tp~yz¢W9t¤³bT}@§5pr^`bYm¨t»WbT}p~tc?bYsTtza¡bpr^`b
}~bÉ ow}rb@s½p~tz}{nt®ORyzs{¦Mbp{nT«kFwa¡w£¢xy}~¢mz§# 5 ;uRnrbY#^`bY¢£¢t¨a¡bYn~nryzzb@nprt&`wnqpr}~w£Ruoprbpr}{yvRnra¡wn~nqwtzv#?t¤¥bY}Y§
yzvR²uRnrbYn¥p~^`bµa¡wv`wau`a ?t¤³bT}±}~bﬀ5u`w}~bY¡p~tcsTtzv`v`b@s½p³prtcyv`bYw£M^F9tM}Y§5¤g^`w¢£bstMvRnqwxobY}rwv`ﬂp~^`bﬂstMnqp~n
tz®}~bYsTbTop~w£tMvVtz®;ycRyMs{¦zbpgypgp~^`bﬂv`bYw£M^5?tz}~wv`evRtF`bYnY«
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op~w£a¡w
Yyp~w£tMvetz®??t¤³bT}OstMvRnquRac`prwtzv¡t®?pr^`b
vRbp¤³tz}~¦²w£v5prbY}q®ÕyMsb?bT}gRyMs{¦zbp@§o¤g^`w¢£bp{y¦Fw£vRewv5prt¨yzsYstMu`v5p¥p~^`bﬂRyprprbY}rm¨}~bYnrbT}~°zb@nyppr^`bﬂvRtF`bYnY«
RbT¤ tzpr^`bY}`}rtzprtostM¢n³a²y¦MbuRnrbt®pr^`b?t¤¥bY}³n~y7°zbµactoobﬂy7°yw¢xy`¢bwv&p~^`bv`bp¤³tz}~¦²wvMp~bT}r®ÕyzsTb
p~t}~bYouRsTbgbTv`bY}rMmesTtzvRnru`a¡oprwtzv!«Okow£vRsTbgpr^RbT}~bwn±v`tsbYv5pr}{y¢`bYvMp~w¹pmeprtestzv5p~}rtM¢opr^`bnq¢bTbY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kow£vRsTb¨bTvRbT}~zmºwxnyºnrsYy}{sb²yvR©vRtzvoÉ }rbYv`bT¤yR¢£b¡}~bYnrtzu`}{sb¡wv\¤gw£}~bT¢bYn~nyMI^RtFs¨v`bp¤³tz}~¦onT§bTv`bY}rMmMÉ
b ¨swbTv5p¨`}~tprtosTtz¢gobYnrwzvÔwn²y©¦MbTmÀsTtzvRsTbT}~v´«]^`b3ob@nqwzvyv9À?bT}r®¯tz}~a²yvRsTb#yzvRy¢monqwxn¡t®nqu9s{^
R}rtzprtostM¢n²}~bﬀ5u`w}~b3`}rtM9bY}¨a¡toobT¢w£vR¿®¯tz}&pr^`bIacb@yznru`}~bTa¡bTv5p&tz®bYv`bT}~zm stMvRnquRac`prwtzv´« RbTbTvRbTm
 ﬁﬂö« 9§D!`}~bYnrbTv5prb@Ànrtza¡b	}rb@nqu`¢£p~n¡tz®µa¡bYyMnquR}rwv`ºbYv`bT}~zm\sTtzvRnru`a¡op~w£tMvRnct®µ°yz}rwtzuRnev`bTp¤¥tM}r¦
wv5prbY}q®ÕyMsbYnY«3`tMu`}?tMn~nqw`¢b¨bTv`bY}rMmIsTtzvRnru`a¡oprwtzv\nqp~yprb@ny}~b²wxobTv5prw2Rb@+p~}~yzvRnracw£pY§;}~bYsTbTw°zbz§ﬀwxo¢£b
yzvRÔnq¢bTbY´« ]^`b R}~nqp¡p¤¥t\nqp~yprbªyz}rb#¤g^`bYvp~^`bªv`toob3wxn¡p~}~yzvRnqa¡w£pqp~w£v`\yzvR }rb@sbYw£°Fwv`©Ryzs{¦Mbp~n
}~bYnr?bYs½p~w£°MbT¢mz§;p~^`bVwxo¢b3np{yprbVwnc¤g^`bYvÀp~^`b	v`toobVwxnc¤³yzw¹p~w£vRª®¯tz}²yzv5m©RyMs{¦zbTppr}{yv9n®¯bY}~nY§CyvR\pr^`b
nr¢bTbT#nqp~yp~bwnyc°MbT}~m²¢£t¤09t¤³bT}nqp~yprb¤g^`bT}~bpr^`bﬂvRtF`bsTyv	v`bYw¹p~^`bT}g}~bYsTbTw°zbv`tz}³p~}~yzvRnqa¡w£pY«
]^`bst5np¥yMnrnrtoswxyp~bYc¤gw¹p~^¨bYyMs{^²Ryzs{¦Mbp±yp¥yﬂv`toobµwn±}rbY`}rb@nqbYv5prbY¡yMnOpr^Rbprtzp~yz¢Rt®´wvRsT}rbYacbYv5p~y¢
sTtMnqp
m
R}rtM9tM}qp~w£tMvRy¢zprtpr^`bRyMs{¦zbTp
size
yv9y`­obYestMnqp
b
yzn~nrtFsTwyprb@ﬂ¤gw¹p~^²s{^Ryv`vRbT¢oyzsﬀMuRwnrw¹p~w£tMv#+
Cost = m× size + b
ÑD
]^FuRnY§opr^RbstMnqpgt®;yeR}rt5yz`sYyznqp³RyMs{¦zbTp¤gw¢¢¼9bﬂtz®p~^`b®¯tz}~a
Costbroadcast = msend × size + bsend
+
∑
n∈ 
(mrecv × size + brecv)
 ! 
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¤g^RbT}~b
 =
nqbTpt®vRtF`bYng¤gw£pr^`wv	pr}{yvRnra¡wn~nrw£tMv&}{yv`Mb
t®ﬀpr}{yvRnra¡w¹prprwv`¡v`toob
msend, bsend =
w£vRsT}rbYa¡bTv5p~yz¢´yvR `­obY#st5np®¯tM}
nqbYvRowv`cpr^`bﬂ`}~tMyM`sTyMnpRyMs{¦zbp@§
mrecv, brecv =
w£vRsT}rbYa¡bTv5p~yz¢´yvR `­obY#st5np®¯tM}
}rb@sbTw°Fw£vRep~^`bﬂ`}~tMyM`sTyMnp³Ryzs{¦MbpY«
kow£a¡w¢yz}r¢mz§zpr^`bstMnqp±tz®W?tzwv5pqÉ>prtzÉ>?tzwv5pCpr}{y¨sgyp¥pr^`bµnqbYvRobT}³yvR¡}~bYsTbTw°zbY}C¤g^`w¢£bsTtzvRnrwxobT}~w£vRﬂ`}rb@nÉ
bYvRsbtz®?;]k zd³]kestMv5pr}~tz¢Fa¡bYn~nryzzbYnwv¡MM`«£M±RyMnqb@v`bTp¤¥tM}r¦on;sTyzv?bg}rb@nq?bYsprw°zbT¢mﬂ}~bT`}~bYnrbTv5prb@
Fm²p~^`b®¯tz¢¢t¤gw£v`cbﬀ5uRyprwtzv#+
Costunicast  sender = bsendctl + brecvctl
¯,
+msend × size + bsend + brecvctl
Costunicast  receiver = brecvctl + bsendctl
ÑD
+mrecv × size + brecv + bsendctl
¤g^RbT}~b
bsendctl =
R­Fb@#stMnqp®¯tz}nrbTvR`w£v`²y¡stMv5pr}~tz¢WRyzs{¦Mbp@§
brecvctl =
R­Fb@#stMnqp®¯tz}g}~bYsTbTw°5wv`¡y¡stzv5p~}rtM¢¼Ryzs{¦MbpY«
³b@nqwxobYn¥p~^`wnactoobY¢W®¯tz}bTvRbT}~zm¨st5np{nT§ow£pg¤³yMny¢xnqt¡nq^Rt¤gv&p~^Ryppr^RbﬂbTv`bY}rMm¡sTtzvRnru`a¡bYVFm&yv	wxo¢£b
vRbp¤³tz}~¦Vwv5prbT}r®ÕyzsTbc`tza¡w£v9yprb@np~^`bcprtzp~y¢ﬀbTvRbT}~zm3stMvRnquRac`prwtzv%Ñy?tzuopﬂyVa¡yzzv`w£pru9obea¡tM}rbpr^Ryzv
nr¢bTbT	a¡toob  «

bT°MbT¢tz`wv`tMvp~^`wnﬀbYv`bT}~zma¡toobT¢>§¤¥b¥`}~bYnrbTv5p;yµnqwa¡`¢b¥a¡toobT¢5p~tsYy¢xsu`¢xyp~bCpr^Rb¥bYv`bT}~zmﬂnr9bYvMp
ypbYyMs{^Vv`toob`u`bprt¡p~^`b
¶
t¤n`}~bYnrbTv5pwvVp~^`bﬂv`bTp¤¥tM}r¦W«nrwv`¡pr^`bﬂ?t¤³bT}stMvRnru`a¡oprwtzv	°y¢u`bYn
®¯tM}Cp~}~yzvRnqa¡w£p³yzvR²}~bYsbYw£°Mbnqp~yp~bµyMnCa¡bYyMnqu`}~bY¡wvVRbTbYv`bTm  n±}~bYnru`¢£p~nY§M¤³bnr^`t¤Ôpr^`}~tzuRz^¨nrw£aeu`¢yprwtzvRn
wv

k5ÉVpr^9ypwv\yv©w`bYy¢OvRbp¤³tz}~¦ª¤gw¹p~^`tzu`peyvFmªwv5prbT}r®¯bT}~bTv9sb²yvR©sTtz¢¢£wxnqwtzv9nT§tzu`}ﬂa¡toobT¢±zw°zbYn
bT­`yzs½pca¡bYyznru`}~bTa¡bTv5ptz®bTvRbT}~zm©stzv9nqu`a¡op~w£tMv\wvÀv`toob@neouRb¨prt©y
¶
t¤ wv\p~^`b	v`bp¤³tz}~¦W«I]^`bYv
p~^`wxnactoobY¢OwnuRnrbYºprt3sTtza¡Ry}~bp~^`b¡bTv`bY}rMmªstMvRnquRac`prwtzv¸w£v¸v`tzv`É>wxobYyz¢ﬀnrwau`¢xyp~w£tMv¸nrbprprwv`Mnµprt
bY°y¢uRyp~b&p~^`b#b»WbYs½p¡t®w£v5p~bT}r®¯bT}~bTvRsTb	yzvRÀsTtz¢¢£wxnqwtzvÀtzvÀbYv`bT}~zmM«
 
v\®ÕyMs½p@§¥nrw£a¡w¢yz}ca¡toobY¢sTyv9b
u9nqb@	prt²a¡bYyMnqu`}~bﬂtp~^`bT}Ry}{ya¡bp~bT}{nt®;pr^Rbv`bp¤³tz}~¦¨¢w£¦MbRyzvRo¤gwxFpr^ z ﬀw£v3tM}~`bT}prtVsTy}~}~m¨tzuop
?bT}r®¯tz}~a²yvRsTbµbY°y¢uRyp~w£tMvVtz®ﬀ}~tzuop~w£vRe`}~tp~tostz¢xnY«

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]^RbebYv`bT}~zm3nr9bYvMpypb@yzs{^ºvRtF`bcouRbp~t#y
¶
t¤ sYyvº?b²sTyz¢sTu`¢yprb@ªwvIy	nqwa¡`¢£b¡¤y7m3yzsTsTtz}{owv`
p~t#tzu`}ﬂa¡toobT¢>«²ﬀw£Mu`}rb#²nr^`t¤npr^`b¡a¡toobT¢Cpr^Ryp¤³yMnµu9nqb@¼«

bY9bYvRowv`3tzv¸¤g^`bTpr^`bY}pr^`b²v`toob
?bT¢tzvRMn±prt¡y
¶
t¤ tz}³v`tpgyvR&¤g^`bT}~bw£v&pr^`b
¶
t¤Ôp~^`bv`toobµwvﬀ5u`b@np~w£tMv&tM}¥v`toob@n³b»WbYs½p~w£vRew£py}~b
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nrw£pruRyprbY´§Mp~^`bµprtp{y¢WbTvRbT}~zm¡b­o?bTvRow£pruR}rbypgyv`toobou`bµprt¡yvRtpr^RbT}³v`toobµwv¨p~^`bv`bp¤³tz}~¦¡sTyvV9b
sYy¢xsu`¢xyp~bY	yzn³®¯tM¢£¢t¤n +
EN/M =   n>0(   M=NETack +   M 6=NERack )
+   m>0(   M=NETpck +   M 6=NERpck )
Õ 
¤g^RbT}~b
EN/M =
bYv`bT}~zm¨nr?bTv5pypgv`toob  ouRbµp~t²v`toobﬂh¿§
ETack =
bYv`bT}~zm¨nr?bTv5pg®¯tz}p~}~yzvRnqa¡wxnrnrwtzv&tz®tMv`b
yMs{¦Fv`t¤g¢£b@ozbYa¡bTv5p¥RyMs{¦zbTpY§
ETpck =
bYv`bT}~zm¨nr?bTv5pg®¯tz}p~}~yzvRnqa¡wxnrnrwtzv&tz®tMv`b
Ryp~ycRyMs{¦zbTpY§
ERack =
bYv`bT}~zm¨nr?bTv5pg®¯tz}g}~bYsTbTop~w£tMvVtz®tzvRb
yMs{¦Fv`t¤g¢£b@ozbYa¡bTv5p¥RyMs{¦zbTpY§
ERpck =
bYv`bT}~zm¨nr?bTv5pg®¯tz}g}~bYsTbTop~w£tMvVtz®tzvRb
Ryp~ycRyMs{¦zbTp
  p =
{
1 p
wnp~}ruRbz§
0
tp~^`bT}~¤gwxnqbM«
wzuR}rb¡,+;¬O»WbYsptzv	v`toob

ou`bp~t²v`toobﬂh w£v
¶
t¤ ®

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µnqwv`#p~^`b²a¡tF`bT¢±R}rb@nqbYvMp~bYIw£v©p~^`b²`}~bT°FwtzuRnﬂnrbYsprwtzv´§ﬀy#v5uRa?bT}tz®nrw£aeu`¢xyprwtzv9nﬂ¤¥bY}rb²otMv`b²wv

k5Écprt¨bT­o9bY}rwa¡bTv5p¤gw¹p~^ªbTvRbT}~zmVsTtzvRnru`a¡op~w£tMv3w£v3¤gw}rbY¢£b@nrnyz#^`tosﬂv`bTp¤¥tM}r¦onY§`¤g^`bY}rbp~^`b
¶
t¤n
y»?b@s½p  7wvMp~bT}r®¯bT}~bﬂ¤gw¹p~^ºb@yzs{^3tp~^`bT}@«]^`bea¡yzw£vIywa ¤yzngprt&a¡b@yznru`}rbbTv`bY}rMmVypµpr^`bev`toobYnµwv3pr^`b
¶
t¤ÀyvRcnrbTb^`t¤¿p~^`bgbTv`bY}rMmstMvRnquRac`prwtzvwxnOy»WbYsprb@eFmﬂwv5prbT}r®¯bT}~bTv9sb³®¯}rtMatp~^`bT}
¶
t¤nY§nrtµp~^Ryp
bT»?b@s½ptz®stz¢¢wnrw£tMvRnsYyv©9b&tzRnrbT}~°zb@¼«V]^`bVnqwau`¢xyp~w£tMv\nqbTpqp~w£v`5nyv9©}rb@nqu`¢£p~n¤gw£¢¢±?b&owxnrsTuRn~nqb@
vRb­FpY«
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 toobYn±^Ry7°zbgp~^`bµ`b®ÕyuR¢¹p¥pr}{yvRnra¡wn~nqwtzv²}{yvRzbgt®Mza yzvR²ycd³yz}r}~w£bY}±kFbTv9nqbµ}~yzv`zbgtz®zza#«ﬀ]^`b
;]k Md³]k#tz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ETpck = 1.3× 1.318× 10
−3 = 1.713mW
ERpck = 0.9× 1.318× 10
−3 = 1.186mW
ETack = 1.3× 304× 10
−6 = 0.395mW
ERack = 0.9× 304× 10
−6 = 0.274mW
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E0/0 = ETpck = 1.713mW
E0/1 = ERack + ERpck = 1.46mW
E0/2 = ERack + ERpck = 1.46mW
E0 = 4.633mW
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